We discuss growth and magnetic properties of high-quality two dimensional (2D) Sn 1 x Mn x Se 2 films. Thin films of this 2D ternary alloy with a wide range of Mn concentrations were successfully grown by molecular beam epitaxy. Mn concentrations up to x ⇡ 0.60 were achieved without destroying the crystal structure of the parent SnSe 2 2D system. Most important, the specimens show clear weak ferromagnetic behavior above room temperature, which should be of interest for 2D spintronic applications. C 2016 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution 3.0 Unported License. 1-5 The new 2D semiconductor SnSe 2 is an important member of this class of materials, having structural properties similar to the well-studied 2D transition-metal dichalcogenide (2D-TMD) crystal family (e.g., MoS 2 , MoSe 2 , and WTe 2 ), involving a hexagonal structure with two-dimensional chalcogen-metal-chalcogen layers bonded by van der Waals forces (see inset in Fig. 2 ). Similar to 2D-TMD systems, SnSe 2 exhibits very attractive optoelectronic properties.
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[http://dx.doi.org/10.1063/1.4942637] Two-dimensional (2D) crystals have been receiving considerable attention due to their unique electronic and optical properties that open new research routes for basic research and hold promise of novel device applications. [1] [2] [3] [4] [5] The new 2D semiconductor SnSe 2 is an important member of this class of materials, having structural properties similar to the well-studied 2D transition-metal dichalcogenide (2D-TMD) crystal family (e.g., MoS 2 , MoSe 2 , and WTe 2 ), involving a hexagonal structure with two-dimensional chalcogen-metal-chalcogen layers bonded by van der Waals forces (see inset in Fig. 2 ). Similar to 2D-TMD systems, SnSe 2 exhibits very attractive optoelectronic properties. 6, 7 Additionally, it also has a very high bulk electron a nity and can thus form a near-broken gap alignment with other 2D-TMDs 8,9 that holds special promise for interband tunneling devices. Based on the pioneering work on graphene which paved the way to the new field of 2D spintronics, 10 it appears especially important to obtain 2D materials with ferromagnetic properties, which can then be exploited in the next generation of spintronic devices. In this context, the introduction of magnetic dopants into the 2D lattice of this family of materials constitutes a promising method toward this goal, by creating new functionalities for spintronic applications in a 2D environment. 11 However, very little work on ferromagnetic 2D materials has so far been reported. With this in mind, in the present work, we describe an exploratory investigation on the growth and characterization of ternary-alloy Sn 1 x Mn x Se 2 thin film, where (as will be shown) the presence of Mn results in clear magnetic properties that survive to and above room temperature. Importantly, we find that even rather large concentrations of Mn (up to x ⇡ 0.6) do not destroy the basic 2D crystal structure of the parent compound SnSe 2 . We feel therefore that these findings may open the path toward obtaining ferromagnetic 2D films at nanoscale thicknesses.
The Sn 1 x Mn x Se 2 films were grown on GaAs (111)B substrates by a Riber-32 molecular beam epitaxy (MBE) system with a reflection high-energy electron di↵raction (RHEED) monitor. The (111)B substrate orientation is chosen because of its compatibility with the hexagonal structure of the SnSe 2 structure. The epi-ready substrates were directly loaded into the MBE chamber (vacuum level is ⇠10 10 Torr), were first deoxidized at 580 C and then annealed at around 600 C for 20 min in Se flux (⇠1.5 ⇥ 10 6 Torr), and were then cooled down to 150 C in preparation for the growth of Sn 1 x Mn x Se 2 . During the cooling process, the GaAs substrate was exposed to a Se flux in order to form monolayer GaSe bu↵er at the substrate surface and to further smooth out the surface when the substrate was above 300 C. During the growth process, the SnSe 2 phase forms naturally when the Sn/Se flux ratio is less than 1:100. A series of Sn 1 x Mn x Se 2 samples with di↵erent Mn concentrations were grown by using di↵erent Mn e↵usion cell temperatures.
The Sn 1 x Mn x Se 2 samples used for structural measurements had a thickness of ⇠40 nm, and for magnetic measurements had a thickness of ⇠80 nm, with a 7 nm SnSe 2 capping layer and a final 3 nm aluminum layer to prevent oxidation after the samples are exposed to the atmosphere. X-ray di↵raction (XRD) spectra were measured using a Bruker D8 X-ray di↵ractometer. The cross-sectional scanning transmission electron microscope (STEM) images of the samples were carried out using an FEI Titan 80-300 microscope with STEM specimens prepared using an FEI-Helios dual beam focused ion beam (FIB) workstation. The energy dispersive X-ray (EDX) spectra were obtained using an FEI-Magellan 400 field-emission scanning electron microscope (FESEM) equipped with a Bruker energy dispersive X-ray spectrometer. Finally, the magnetic properties of the samples were studied using a superconducting quantum interference device (SQUID) magnetometer (Quantum Design MPMS XL). Fig. 1(f) . The samples show only (00l) peaks of the SnSe 2 structure, illustrating excellent c-axis-oriented epitaxial growth. A weak shoulder is seen near the (003) peak of the SnSe 2 -structure, which we ascribe to the presence of possible nano-inclusions in the MnSe phase. 12 This peak is seen to disappear in samples grown at lower values of T Mn , suggesting that traces of this phase form at high Mn concentrations. Except for that, all Sn 1 x Mn x Se 2 specimens grown under conditions described above show excellent SnSe 2 -structure, which appears not to be a↵ected by the presence on Mn.
Figure 2(a) shows the cross-sectional STEM image of the Sn 1 x Mn x Se 2 film grown with T Mn = 670 C. Although the in-plane lattice mismatch between Sn 1 x Mn x Se 2 and GaAs is quite small (about 4.6% as calculated from GaAs and SnSe 2 crystal parameters), an inspection of the interface region between the two materials indicates that the first few layers of the Sn 1 x Mn x Se 2 film are already relaxed, without indications of significant lattice matching at the interface. This is an important feature of heterostructures involving van der Waals epitaxy, 13 indicating that this mechanism governs the growth of the present Sn 1 x Mn x Se 2 /GaAs system as well. It is also notable that mirror stacking between layers and within the layers occurs in this growth (see stacking between the first and second, and between 7th and 8th layers counting from the interface, marked by arrows and highlighted in red). Analysis of our TEM and XRD results indicates that the Mn ions in our films substitutionally replace a fraction of the Sn ions. Quantitatively, the Mn concentration in our Sn 1 x Mn x Se 2 films was obtained from the analysis of EDX spectra shown in Fig. 3 . The resulting Mn concentrations for di↵erent growths are listed Table I. Figure 3(b) shows the Mn concentration as a function of Mn e↵usion cell temperature T Mn . One can see that the Mn concentration increases linearly from about 42% to 66% as T Mn increases from 670 C to 760 C. It is important that as already noted, the parent SnSe 2 -type structure remains essentially unchanged even after half of the Sn sites become occupied by Mn ions. It is interesting, however, that the Se concentration appears to decrease somewhat in samples grown at the highest Mn e↵usion cell temperatures. This may be related to the emergence of the MnSe phase in samples grown at higher values of T Mn , as seen in the XRD data. We note parenthetically that formation of MnSe in MBE growth at high Mn flux is consistent with in our early studies for the magnetic II-VI chalcogenide systems with high Mn concentrations and may thus explain the reduced overall concentration of Se that we observe as the Mn concentration increases.
14 Figure 4 shows the out-of-plane magnetization of the Sn 1 x Mn x Se 2 films as a function of temperature, measured by SQUID in a magnetic field of 200 Oe. It can be seen that the magnetization is relatively weak for all the samples. Interestingly, the temperature dependence of magnetization data in Fig. 4 shows that the samples grown at T Mn = 740 C and T Mn = 760 C (i.e., with highest values of x) have an additional magnetic transition at 120 K. While the mechanism for this is not understood, it is possible that the observed feature may arise from the formation of ↵-MnSe inclusions, since that material has a Néel temperature of 122 K. 15 ↵-MnSe is an antiferromagnet, but at nanoscale its inclusions may have significant magnetic moments due to the presence of uncompensated spins, 16, 17 which would account for the observed increase of magnetization below 120 K. We clearly see from Fig. 4 , however, that the magnetic order exhibited by the Sn 1 x Mn x Se 2 alloy itself survives in all samples up to at least 400 K. Figure 5 shows out-of-plane hysteresis loops for our Sn 1 x Mn x Se 2 films measured at 300 K and 10 K. Weak but clear ferromagnetic-like signals are reproducibly observed for all specimens. We ascribe the observed behavior to the magnetically uncompensated Mn moments responding to the applied field in the presence of an antiferromagnetically coupled majority of Mn ions. All samples show larger saturation magnetizations and larger coercive fields at 10 K than at room temperature. By a rough calculation, the moment per Mn atom in a field of 5 kOe in the sample grown at T Mn = 670 C is films slightly increases, indicating that the concentration of magnetically uncompensated Mn ions increases with x. Additionally, the slight increase of the magnetic moment per Mn ion as total Mn concentration increases suggests the distribution of uncompensated Mn spin is random throughout the entire Sn 1 x Mn x Se 2 film. One should note here that, although nano-inclusions of the ↵-MnSe phase mentioned above (as well as possible inclusions of MnSe 2 or zinc-blende MnSe) could indeed form during the MBE growth of Sn 1 x Mn x Se 2 , the magnetic ordering temperature of all three of these phases occurs well below room temperature. 18, 19 Thus the room temperature weak ferromagnetism observed in our samples can only originate from the Sn 1 x Mn x Se 2 alloy itself.
Careful inspection of the hysteresis loops of the samples grown with T Mn = 740 C and T Mn = 760 C also exhibits exchange bias shifts after cooling in a field of +5 kOe, as shown in Fig. 6 . Specifically, hysteresis loop centers of these samples shift in a direction opposite to the applied cooling field. The observed shift can be described as H EB = (H 1 + H 2 )/2, where H EB is the exchange bias field, and H 1 and H 2 are the observed left and right coercive fields, respectively. 20 This provides H EB of 53 Oe and 76 Oe, respectively, for the samples grown at 740 C and 760 C, suggesting that exchange bias increases with increasing Mn concentration. In contrast, no such shift can be detected in the 10 K hysteresis loops for the samples with lower Mn concentrations (i.e., those grown with T Mn = 670 C and T Mn = 690 C). This suggests that the origin of the observed exchange bias is related to the origin of the magnetic transition shown in Fig. 4 at 120 K for specimens with the higher values of Mn concentration. If the magnetic contribution to the magnetization observed in Sn 1 x Mn x Se 2 samples grown with higher Mn flux near 120 K can be attributed to ↵-MnSe nano-inclusions, as discussed earlier, the exchange bias phenomenon could then result from exchange coupling between the weakly ferromagnetic Sn 1 x Mn x Se 2 matrix and such antiferromagnetic MnSe nano-inclusions. 21 However, many details remain to be further investigated in this system before drawing more definitive conclusions.
In summary, good quality Sn 1 x Mn x Se 2 films with relatively high Mn concentrations have been successfully grown by MBE on GaAs (111)B substrates. Our results indicated that the Mn content of the films can be readily tuned by Mn e↵usion cell temperature without a↵ecting the parent SnSe 2 crystal structure. All samples show weak net ferromagnetic-like signals at room temperature due to a small fraction of magnetically uncompensated Mn magnetic moments, in the presence of an antiferromagnetic background associated with the majority Mn population. The slight increase of the magnetic moment per Mn ion observed as the total Mn concentration increases suggests that the distribution of uncompensated Mn spins is random throughout the films. Apart from their basic interest, these findings also suggest a path toward fabricating ferromagnetic 2D materials for spin-based device applications.
